nat Te target / 120g,121,123, 124, 125,126,128,130 120g,121,123,124,125,126,128,130 I were measured from their respective thresholds up to 63 MeV via the stacked foil technique. Thin targets were prepared by a vacuum deposition method. Irradiations were performed using AVF 930 cyclotron at the National Institute of Radiological Sciences. The concord and conflict between our excitation studies and the available literature data are shown. The high values of our cross sections for 125 I in comparison to some literature data are discussed. Our cross sections measurements validated some of the literature data obtained using enriched target isotopes. The integral yields of iodine radionuclides were deduced from the measured excitation curves. The estimated yield of 124 I via the nat Te( p, xn) process over the energy range E p = 57 → 53 MeV is 16.7 MBq/µA h. The level of the radionuclidic impurities 125 I and 126 I is, however, rather high, so that it is not meaningful to produce 124 I using nat Te as target material.
Introduction
The radionuclides of iodine are of considerable interest for applications in medicine, e.g. 123 I in SPECT studies and 124 I in PET investigations. The production of those radionuclides is often done using proton or deuteron induced reactions on enriched isotopes of tellurium. Extensive cross section measurements have been done at Jülich using highly enriched target materials, e.g. on 120 Te and 122 Te for production of 120g I [1, 2] , on 123 Te for production of 123 I [3] , on 124 Te for production of 123 I and 124 I [4] , and on 125 Te for production of 124 I [5] . As far as production via proton induced reactions on nat Te is concerned, excitation functions were reported by Zweit et al. [6, 7] , Scholten et al. [3] , Kormali et al. [8] , Acerbi et al. [9] and Kiraly et al. [10] in the energy regions 7-60, 9-18, 6-18, 10-35 and 5-18 MeV, respectively, however, the available data are not enough for evaluation of all radioiodine isotopes. *Author for correspondence (E-mail: mmenaa_2004@yahoo.com).
We studied proton-induced reactions on natural tellurium from 5 to 63 MeV with two aims: (a) to validate the data obtained using enriched target isotopes, and (b) to study the possibility of production of 124 I from nat Te target at a relatively high proton energy range. The decay data of the product isotopes used in this work are given in Table 1 [11] [12] [13] .
Experimental

Sample preparation
Tellurium layer was prepared by vacuum deposition on Albacking. The preparation of tellurium thin layer was carried out at Fuji Shinku Limited Company, Tokyo, Japan. Following steps were performed. The tellurium powder was placed on a molybdenum sheet (0.2 mm thickness, 7 mm width), which was connected with a thermocouple heater. Al sheet (10 µm thickness; 100 × 100 mm 2 area; 99.999%; Goodfellow, England) was fixed at 100 mm above the molybdenum sheet. The chamber (400 mm diameter) was evacuated to 10 −6 Torr and securely closed. Thereafter, the temperature was elevated to about 600
• C to evaporate tellurium, which is easily condensed on the surface of Al-sheet. The obtained thickness (∼ 0.4 µm) was determined by weighing the deposited tellurium on the known area of Al-backing. The targets were cut out in circles by using a collimator (10 mm diameter) and placed in a stack of foils with great care. The homogeneity and stability of the deposited tellurium layer was shown by electron-microscopy.
Activation of Te samples and beam current measurement
Four stacks were irradiated in the proton energy range 5-63 MeV at AVF 930 cyclotron of the National Institute of Radiological Sciences (NIRS) in Chiba. The beam current was estimated by the outgoing beam falling in a Faraday cup in the case of a thin stack [14] or by the monitor reaction whose excitation function is known accurately in the case of thick stack. 
Measurement of radioactivity
The irradiated samples and monitor foils were measured using a HPGe detector. The resulting spectra were analyzed by using software MCAwin 2000. All gamma lines for the resulting radionuclides were identified. Absolute efficiency curves of the detector were determined at sourcedetector distance of 4, 5, 10 and 20 cm using In (T 1/2 = 43 min; E γ = 158.6 keV; I γ = 87%) and 117 Sb (T 1/2 = 2.8 h; E γ = 158.6 keV; I γ = 86%), all of which are expected to be formed in the interactions of protons with natural tellurium at energy higher than 50 MeV, and all of them emit a γ -ray of energy 159 keV similar to the one emitted by 123 I. For measuring 124 I in those targets that are activated by protons at energy higher than 50 MeV, 4 h are necessary to allow the decay of 120g I (T 1/2 = 81 min; E γ = 601.1 keV; I γ = 5.8%) and 120m I (T 1/2 = 53 min; E γ = 601.1 keV; I γ = 87%) that are expected to be formed. All of them emit a γ -ray of energy 601 keV, similar to the one emitted by 124 I. For measuring 125 I (T 1/2 = 59.4 d), which emits a soft gamma ray of energy 35.49 keV, a special low energy HPGe detector (with a Be-window) was used. The self-absorption of the soft radiation in the thin source and the efficiency of the detector were carefully determined. Absolute efficiency curve of the detector was determined using sources of γ -ray standards 241 Am (T 1/2 = 432.2 a; E γ = 26.234 keV; I γ = 2.4%), 133 Ba (T 1/2 = 10.52 a; E γ = 31 keV; I γ = 99.4%; E γ = 35 keV; I γ = 21%) and 152 Eu (T 1/2 = 13.54 a; E γ = 40 keV; I γ = 18.48%; E γ = 45 keV; I γ = 4.459%). The irradiated tellurium samples were deposited on thin aluminium foil (10 µm) to decrease the gamma absorption, which are emitted by 125 I. 125m Te (T 1/2 = 57.4 d; E γ = 35.5 keV; I γ = 6.7%), occurred as a disturbing activity. It is formed via the 125 Te( p, p) 125m Te process. Fortunately, this radioisotope also emits a γ -ray of energy 109 keV. The intensity of this γ -ray is weak but is known (0.274%), so that the contribution of 125m Te to the total 35.5 keV γ -ray peak area could be estimated, and thus the activity of 125 I could be determined.
Calculation of cross sections and their uncertainties
The well-known activation formula was used for cross section calculation.
The energy degradation was calculated using the computer program "STACK" which is based on tabulated data for stopping power of charged particles [18] . The uncertainties in incident energy and foil thickness lead to an uncertainty in the energy value. The uncertainties of the cross section were calculated from the uncertainties of the values of the contributing processes: incident particles (5%), foil thickness (5%), nuclear data (3%), detector efficiency (7%) and peak fitting (3%-15%). The total uncertainty in the measured cross section was estimated by combining the individual uncertainties in quadrature and amounted to 10%-18%.
Radionuclidic impurity
The level of radionuclidic impurity (%) was calculated as the percentage ratio of the yield for each radioiodine isotope relative to the total yield of the reference radioiodine isotope in the recommended energy range.
Result and discussion
Cross section data
The measured cross section data for the formation of 120g I, 121 Table 2 and the excitation functions are shown in Figs. 1-8. The earlier cross sections measurements are also presented to depict the agreement or conflict between our data and the literature values. The estimated uncertainties of energy and cross section values are also presented. The beam current was the most significant parameter affecting the cross section measurements and causative factor to uncertainties. In case of thin stacks, the beam current was mostly measured by the Faraday cup. But in thick stacks, monitor foils showed that the current value gradually decreased by 50 to 75% while passing from the front foil to the end of stack. This phe- nomenon was observed when a primary proton energy of 63.88 MeV was used for studying the effective energy range 50-40 MeV. The beam current presumably decreased due to rather large scattering effects. The uncertainty in the beam energy depended on the sample position in the stack. The excitation functions for the formation of the relatively short-lived radioiodine isotopes like 120g I (Fig. 1 ), 121 I (Fig. 2) and 128 I (Fig. 7) show several cross section peaks. The main contributing processes to each individual radioiodine isotope are given in Table 3 . For example, the excitation curve for the formation of 128 I shows two peaks which are attributed to ( p, n) and (p, 3n) reactions (Table 3) and their cross section values depend on the abundance of 128 Te and 130 Te, respectively, in the natural tellurium. For 121 I (Fig. 2 ) and 128 I (Fig. 7 ) the data by Acerbi et al. [9] and Scholten et al. [3] show good agreement with our data except in the early rising part (E p < 11 MeV). In the energy region below 20 MeV our data are not extensive but they agree more with the results of [4] and by Hohn et al. [5] in the energy ranges 10-15, 26-45 and 55-65 MeV, respectively, obtained using highly enriched 120 Te and 122 Te targets agree with our data; but in the case of 125 Te target, our data are relatively higher and some deviation was observed from Hohn et al. [5] , especially in the energy range 55-60 MeV. All these comparisons were done after con- Table 3 and shown experimentally in Fig. 8 . The curve is in good agreement with the literature data [8, 19, 20] , except for some deviation from the data of Acerbi et al. [9] and Schloten et al. [3] in the early rising part, Mustafa et al. [21] in the region around maximum, and Zweit et al. [7] in the energy range 24-32 MeV. The 123 I curve (Fig. 3) , on the other hand, includes several peaks that are attributed to several nuclear reactions (given in Table 3) and their values are function of proton energy (MeV) and the isotopic composition of natural tellurium. Our excitation curve of 123 I shows an excellent agreement with the data of Acerbi et al. [9] in the energy range 15-35 MeV and Kormali et al. [8] and Kiraly et al. [10] up to 18 MeV but our data are higher than the data of Zweit et al. [6, 7] at E p > 23 MeV as shown in Fig. 3 .
Figs. 4 and 6 show the excitation functions for the formation of the relatively long-1ived radioiodine isotopes 124 I and 126 I in the interaction of protons with nat Te. The contributing processes to the production of 124 I are somewhat similar to the contributing processes for 126 I (as given in Table 3 ), except the ( p, 2n) process. This is presumably due to the 124 I formed via the ( p, 2n) process on 125 Te (7.139%). The excitation curve for 124 I agrees with Zweit et al. [6, 7] , Scholten et al. [3] and Acerbi et al. [9] except in the energy region below 10 MeV. The curve is in good agreement with the data of Kiraly et al. [10] in the early rising part. The data by Scholten et al. [4] for the formation of 124 I via 124 Te( p, n) reaction in the energy range 5-15 MeV obtained using highly enriched 124 Te target agree with our data in that region after the data values by Scholten et al. [4] were normalized to natural tellurium. Our excitation curve for 126 I differs considerably from the data of Acerbi et al. [9] and Zweit et al. [7] , except for the energy region above 22 MeV for the former and below 20 MeV for the latter literature measurement. The excitation function for the formation of 125 I via proton-induced reactions on natural tellurium is depicted in Fig. 5 . The cross section peaks match with the contributing nuclear reactions in Table 3 . Our curve differs completely from the data of Zweit et al. [7] and Scholten et al. [3] where our data are much higher. The accuracy of our measurements was checked by comparing the 125 Te(p,n) 125 I reaction for the energy region below 10.5 MeV, reported by Hohn et al. [5] , after correcting the values for the enrichment of the target. The comparison was carried out only in low energy region with Hohn et al. data [5] because if the comparison is extended to proton energy higher than 10.5 MeV, other channels will be opened like 126 Te( p, 2n) at 10 MeV, 128 Te( p, 4n) at 25 MeV and 130 Te( p, 6n) at 40 MeV. Thus our curves below 30 MeV validate the data in the energy region that were measured using enriched tellurium isotopes. Furthermore, our results extend the database to about 65 MeV. The excitation curves measured in this work are presented together in Fig. 9 . The possibility of production of 124 I from natural tellurium will be discussed below in more detail.
Yields
The excitation curves given in Fig. 9 were used to calculate the integral yields of 123, 124, 125, 126, 130 I as a function of proton energy and the results are given in Fig. 10 . The yields of 123,124,125,126 I at 22 MeV are compared with the integral yields measured by Dmitriev and Molin [22] (Table 4) . In general, our data are slightly higher. Regarding the possibility of production of 124 I, we studied the energy range E p = 57 → 53 MeV for this purpose. The yield of each radionuclide of iodine relative to 124 I was estimated over this energy range. 60 h are necessary to decrease the contamination levels of 123 I and 130 I to 13 and 1%, respectively, whereas the contamination levels of 125 I and 126 I increase to 3.6 and 31.5%, respectively. The yield of 124 I would then amount to 11 MBq/µA h. Due to the high contamination levels of 125 I and 126 I, it is not feasible to produce 124 I of high purity over any energy, as long as nat Te is used as target material.
Conclusion
The excitation functions of nat Te( p, xn) 120g,121,123,124,125,126 I and 128,130 I reactions were measured from their respective thresholds up to 63 MeV. Our measurements validated some of the literature data obtained using enriched target isotopes. The excitation curve for 124 I showed the maximum cross sections at E p = 27 and 58 MeV, which are attributed to ( p, 3n) and ( p, 5n) processes. These regions could possibly be used for production of 124 I using highly enriched 126 Te and 128 Te as target materials. From the point of view of impurities of iodine radionuclides, the nat Te( p, xn) 124 I reaction is not suitable for production of 124 I for medical purposes.
